Two closely related species of mycobacteria, Mycobacterium uaccae and M . neoaurum, were grown under conditions of iron-deficiency (0.02-0-05 pg Fe ml-l ) and iron-sufficiency (2-4 pg Fe ml-l) in a simple glycerol/asparagine medium. The strain of M . uaccae used was a nonmycobactin producer whereas M . neoaurum synthesized between 6-8% of its cell biomass as the lipid-soluble siderophore when grown under iron-limitation. The role of mycobactin for ironacquisition was examined using both pure and mixed cultures, with cell viability determined following growth at various iron concentrations. M . neoaurum, the mycobactin producer, outgrew M . vaccae when iron was readily available. When grown under conditions where iron was limiting, M . neoaurum showed a decline in viable cell number compared with its competitor, highlighting its increased requirement for the metal. Some recovery was observed following mycobactin biosynthesis, this being greatly enhanced by the addition of an iron supplement to the growing cells.
Two closely related species of mycobacteria, Mycobacterium uaccae and M . neoaurum, were grown under conditions of iron-deficiency (0.02-0-05 pg Fe ml-l ) and iron-sufficiency (2-4 pg Fe ml-l) in a simple glycerol/asparagine medium. The strain of M . uaccae used was a nonmycobactin producer whereas M . neoaurum synthesized between 6-8% of its cell biomass as the lipid-soluble siderophore when grown under iron-limitation. The role of mycobactin for ironacquisition was examined using both pure and mixed cultures, with cell viability determined following growth at various iron concentrations. M . neoaurum, the mycobactin producer, outgrew M . vaccae when iron was readily available. When grown under conditions where iron was limiting, M . neoaurum showed a decline in viable cell number compared with its competitor, highlighting its increased requirement for the metal. Some recovery was observed following mycobactin biosynthesis, this being greatly enhanced by the addition of an iron supplement to the growing cells.
Mycobactin biosynthesis allowed M . neoaurum to rapidly acquire any additional iron presented to the bacteria when growing under iron-limitation. However, M . uaccae did not synthesize the lipid-soluble siderophore with its iron-requirement satisfied by production of extracellular exochelin.
I N T R O D U C T I O N
Mycobacterium vaccae and M . neoarum are two rapidly growing species of mycobacteria which share a high overall similarity with each other and with several other scotochromogenic species. Both have been assigned to the ' M . parajortuitum' complex (Saito et al., 1977; Goodfellow & Wayne, 1982) but their taxonomic status still requires some clarification. A recent survey of the rapidly growing mycobacteria for the production of mycobactin and its application as a chemotaxonomic marker (Hall & Ratledge, 1984) showed that a strain of M . vaccae R877R was apparently devoid of this lipid-soluble siderophore even under conditions of strict ironlimitation. An examination of three additional M . vaccae strains did however show one, M . uaccae NCTC 10916, which produced trace amounts of mycobactin. The closely related species, M . neoaurum, produced mycobactin, which could be readily isolated. Since both organisms showed similar growth rates and final cell yields when grown under iron-limitation, an opportunity arose for a direct comparison to be made between two similar species of mycobacteria with regard to the role played by mycobactin in iron acquisition.
If mycobactin has a functional role with respect to iron metabolism, this, we assume, would be of some importance to the cell. Thus, at first sight, the mycobactin-less M . uaccae would appear to be at a nutritional disadvantage in comparison with the mycobactin-containing M . neoaurum. The aim of this study was to determine whether such a disadvantage existed and if it did, under what circumstances it was manifested.
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Organisms and growth. M . caccae strain R877R was previously isolated from a Ugandan soil sample and kindly supplied by Dr J . L. Stanford, Middlesex Hospital Medical School, London, UK. M . neoaurum was NCTC strain 10439, another soil isolate. Cultures were maintained on glucose/yeast extract/agar slopes (Gordon & Mihm, 1962) or as dense suspensions of cells frozen in 20% (v/v) glycerol at -20 "C (Wellington & Williams, 1978) . Cultures were grown in liquid glycerol/asparagine medium prepared as previously shown (Ratledge & Winder, 1962; ) with a final iron content of 0.02-0.05 pg ml-1 or 2.0-4.0 pg ml-' for iron-deficient or ironsufficient conditions respectively. Bacteria were grown at 37 "C with orbital shaking (200 r.p.m.) and after 4 d used as an inoculum (5 ml) for 500 ml samples of the same medium dispensed into 1 litre flasks.
Time coursefor mycobactin and salicyla?e production by M . neoaurum. Mycobactin and salicylate were isolated as previously described (Ratledge & Marshall, 1972) . Samples were removed daily over 10 d with salicylate identified as the 6-methyl form by paper chromatography and high performance liquid chromatography (Hall, 1983) .
Determination of viable cell counts in both pure and mi.ued culture. M . tiaccae and M . neoaurum were grown in both pure and mixed culture as described above. Culture samples (1 ml) were removed twice daily over 1 1 d and viable cell counts and the percentage colony type determined. Serial dilutions were prepared, under sterile conditions, by adding a 1 ml sample into 9 mlO.l:/; (w/v) Tween 80 in 0.85% (w/v) NaCl followed by dilution in double distilled water to provide a series from 10-I to lo-'; the dilutions were gently mixed using a vortex mixer. Each dilution (0.1 ml) was then plated out in triplicate onto solidified glycerol/asparagine medium prepared as described previously (Hall & Ratledge, 1982) . Growth was allowed to continue until colonies could be identified and counted, usually after 7 d incubation. Only plates with 30-300 colonies were included. Log viable cell number and percentage colony type were then determined. The two species could be readily differentiated when grown in mixed culture by both colony form and colour. M . neoaurum produced yellow colonies which were small and smooth, but which became rough on mycobactin formation with the characteristic 'apple-green' fluorescence of the aromatic moiety visible under UV irradiation. M. uaccae, however, formed orange colonies which were large and rough, and, lacking mycobactin, showed no visible fluoresence when UV irradiated. Using these criteria, some 60 colonies isolated from a mixed culture were found, on further investigation, to be correctly assigned.
R E S U L T S A N D DISCUSSION
M . neoaurum and M . vaccae had similar growth rates and final cell yields when grown in both pure and mixed culture under conditions of strict iron-limitation, i.e. with 0.02 pg Fe ml-l. Growth of the culture was complete after 9 d; M . neoaurum attained a yield of 3.7 mg dry wt rnl-l, M . vaccae reached 3.55 mg dry wt rnl-' and the mixed culture of both organisms was slightly higher at 4.1 mg dry wt ml-I. Only M . neoaurum synthesized mycobactin, which reached its maximum intracellular concentration at an initial iron concentration of 0.02-0.05 yg Fe ml-l (Fig. 1) . Mycobactin synthesis was greatly depressed at iron concentrations above 0.1 yg Fe ml-I . The two organisms showed different growth responses to increasing iron concentrations (see Fig. 1 ); M. uaccae required only about 0.1-0.2 yg Fe ml-l to attain approximately 90% of the yield reached with a surfeit of iron whereas M . neoaurum, even with 0.5 pg Fe ml-l, reached only 50% of the yield attainable without iron-limitation. This apparently increased requirement for iron by M . neoaurum, and the role played by mycobactin in iron-acquisition, was then examined initially by establishing the time course for the production of the lipid-soluble siderophore.
Time course study for mycobactin synthesis by M . neoaurum Previous studies had shown that M . vaccae R877R produced neither salicylate nor 6-methylsalicylate (as an extracellular product) nor mycobactin (intracellularly) even when grown under conditions of severe iron-limitation (Hall, 1983 ; Hall & Ratledge, 1984) . However, when M . neoaurum was grown under such conditions (0.02 yg Fe ml-l) 6 4 % of its cell biomass was produced as mycobactin with 6-methylsalicylate being identified as the aromatic moiety of the molecule (Hall, 1983) . As shown previously for M . smegmatis (Ratledge & Marshall, 1972) , the aromatic acid was also excreted into the culture medium immediately before mycobactin accumulation began (Fig. 2) .
Having established the time course for the biosynthesis of mycobactin by M . neoaurum, we did a series of experiments to compare the ability of M . neoaurum and M . vaccae in iron acquisition when grown either alone or in direct competition with each other. It was considered that the former cells should, by possessing mycobactin, have an advantage over the latter in competing for and gaining iron. Viable cell counts were determined for each organism either from the pure cultures (Fig. 3a) or from the mixed population (Figs 3b, c and 4) . In pure culture, under conditions of iron-limitation (0.02 pg Fe ml-l), M . neoaurum initially grew to greater numbers than M . uaccae (Fig. 3a) but then numbers of viable cells reached a plateau in both cases before a decline around day 7. Some recovery was observed for M . neoaurum, coinciding with mycobactin biosynthesis (see Fig. 2 ). When the two species were grown as a mixed culture (Fig. 3b) , again under iron-limitation (0.02 pg Fe ml-l), M . neoaurum rapidly declined in viable cell number around day 7, but this was followed by recovery. This pattern was consistently observed over a number of experiments, usually three, although the results presented in Fig. 3 show 'typical' patterns obtained from individual experiments.
When the two mycobacteria were grown together in the presence of excess iron (2.0 pg Fe ml-l), M . neoaururn quickly outgrew M . vaccae (Fig. 3c) . Cell numbers of the former did not decline around day 7, as noted under iron-deficient conditions, and mycobactin biosynthesis was completely repressed.
It would thus appear that M . neoaurum, on becoming stressed for iron, synthesizes mycobactin at the expense of maintaining cell viability (Fig. 3) , but once the lipid-soluble siderophore has been produced, viability can quickly recover. Clearly in a closed system such as this, little additional iron would be available. Therefore, we considered whether the possession of mycobactin would confer any advantage to M . neoaurum over M . uaccae if additional iron was presented to a mixed population of cells after mycobactin had been formed. Such a system would closely mimic the 'feast-and-famine' situation believed to operate for organisms in a natural habitat (Koch, 1971; Gray, 1976) , which would include animal tissues if a pathogen were involved.
Initially, an iron supplement (1 pg Fe ml-l) was added to a mixed population of cells growing under iron-limitation on day 5 just before the biosynthesis of mycobactin by M . neoaurum (Fig.  4a) . This additional iron prevented the usual decline observed in M . neoaurum cell numbers and, as expected, repressed mycobactin formation. When an iron supplement (4 pg Fe ml-l) was added to another mixed population of cells growing under iron-limitation on day 7 (Fig. 46) , that is just after M . neoaurum had synthesized its mycobactin and had undergone its usual decline in cell numbers, there was an immediate and marked recovery of M . neoaurum. Although the viability of M . vaccae simultaneously increased, this was to a much smaller degree than occurred with the mycobactin producer. At the time of the 'shift up' with iron, only 4.9% of colonies present were identified as the mycobactin producer. Just 16 h after the addition of iron some 80% of colonies isolated were M . neoaurum.
Undoubtedly, the biosynthesis of mycobactin by M . neoaurum when growing under iron-stress allows the bacteria to acquire, and perhaps store, iron which becomes available in times of 'feast'. Although this is of obvious ecological advantage to the mycobactin producer, the cost to its biosynthetic machinery must be considerable. M . uaccae R877R clearly is unable, or finds it unnecessary, to synthesize a lipid-soluble siderophore, its requirement for iron met by its extracellular exochelins. Although both M . neoaurum and M . uaccae produce these exochelins when grown under iron-limitation (Ratledge, 1982) , the latter produces these compounds in great abundance compared with other species of mycobacteria (Hall, 1983) . 
